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Abstract: Cellulose nanocrystals (CNCs) were isolated from corn stalk using sulfuric acid hydrolysis,
and their morphology, chemical structure, and thermal stability properties were characterized.
The CNCs had an average length of 120.2 ± 61.3 nm and diameter of 6.4 ± 3.1 nm (L/D = 18.7).
The degree of crystallinity of the CNCs increased to 69.20% from the 33.20% crystallinity of raw corn
stalk fiber, while the chemical structure was well kept after sulfuric acid hydrolysis. Thermal stability
analysis showed that the degradation temperature of the CNCs reached 239.5 ◦C, which was higher
than that of the raw fiber but lower than that of the extracted cellulose. The average activation energy
values for the CNCs, evaluated using the Friedman, Flynn-Wall-Ozawa (F-W-O) and Coats-Redfern
methods, were 312.6, 302.8, and 309 kJ·mol−1 in the conversion range of 0.1 to 0.8. The isolated CNCs
had higher values of activation energy than did the purified cellulose, which was attributed to the
stronger hydrogen bonds present in the crystalline domains of CNCs than in those of cellulose. These
findings can help better understand the thermal properties of polymer/CNC composites.

Keywords: corn stalk; fiber; cellulose nanocrystal; thermal properties; activation energy

1. Introduction

Cellulose nanocrystals (CNCs) have received increased attention in the nano-technological field
because of their biodegradability, renewable nature, low-cost production, high aspect ratios, high
surface area, high strength, and highly crystalline structures [1]. Extensive research reported that CNCs
are effective fillers to reinforce polymers, i.e., poly (vinyl alcohol) [2], polypropylene [3], polypropylene
carbonate (PPC) [4], poly (ε-caprolactone) [5], polylactide [6], chitosan [7], and natural rubber [8].
For example, Avik Khan et al. reported that using 5 wt % of CNCs improved the tensile strength of
chitosan-based biodegradable films by 26% [9]. Chen et al. showed that the addition of 2 wt % of
CNCs into PVA could increase the tensile modulus by 49% [10]. When used in natural rubber, both the
tensile strength and modulus of the rubber/CNC nanocomposites were increased by 38% and 433%,
respectively [11].

Thermal stability plays a very critical role in restricting the properties and application scope
of polymer and CNC composites. The thermal stability of CNCs is influenced by their physical
and chemical structure. For instance, different crystalline arrangements of cellulose influenced their
thermal stability due to the different orientation of the cellulose chains and the pattern of hydrogen
bonding in cellulose I and cellulose II, leading to the activation energy being increased for cellulose
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II and decreased slightly for cellulose I [12]. Chemical composition was another key factor that
influenced the thermal behavior of the CNCs. The higher thermal stability of chemically treated fibers
was related to the higher crystallinity of the cellulose obtained after the removal of hemicellulose
and lignin components [13]. However, during the sulfuric acid hydrolysis, some uronic acid and
sulfate ester groups were attached to the surface of the CNCs, which can increase the rate of cellulose
dehydration reactions, resulting in a decrease of thermal stability [14,15]. The heating rate and
temperature are other two major factors determining the thermal behavior of CNCs. It is well known
that the characteristic temperature values are higher with the increased heating rate. Using a single
thermogravimetric (TG) curve at a specific heating rate to determine the activation energy can lead to
errors and reduce the reproducibility of the TG result. Therefore, more precise methods such as the
Friedman, Flynn-Wall-Ozawa (FWO), and modified Coats-Redfern methods have been used to help
generate more reliable results by calculating the activation energy at different heating rates [16].

In previous studies, the common activation energy of pure cellulose was in the range from 100
to 250 kJ/mol [16,17]. For instance, Chen et al. investigated the characteristics and kinetics of five
lignocellulosic biomasses (pine wood sawdust, fern stem, wheat straw, sugarcane bagasse, and jute
stick) via thermogravimetric analysis (TGA). The average activation energy ranges of cellulose from
the five lignocelluloses were 171.04–179.54 kJ/mol, estimated by the three-parallel-DAEM model [18].
Bach et al. reported that the average activation energy values of cellulose for the torrefied spruce and
birch were 194.54 ± 0.76 kJ/mol and 193.17 ± 0.75 kJ/mol, respectively [19]. Miranda et al. pointed
out that, compared with soybean hull cellulose, the activation energy of corn stalk cellulose was higher
in the range from 186.9 to 203.6 kJ/mol [20].

Various kinds of bio-resources, i.e., wood [21], grass [22], and cotton [23], have been used
for extracting CNCs. Corn stalk, as a by-product of corn, is composed of approximately 32.73%
cellulose [24]. In China, the annual production of corn stalk (CS) has reached 400 million tons.
Therefore, the utilization of CS material has become a significant problem [25–27]. To make CNCs
from CS material more attractive for commercial end-use applications, it is significant and necessary to
quantify their thermal stability properties through experimental and theory analysis. However, little
research has been reported about the activation energy of CNCs isolated from corn stalk [12,28].

The goal of the present work was to isolate CNCs from corn stalk by a combination of chemical
and mechanical methods and to characterize their chemical, morphological, and thermal stability
properties. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), a differential scanning
calorimeter (DSC), and X-ray diffraction (XRD) were applied to investigate the morphology and
properties of isolated CNCs. Three common kinetic models (i.e., the Friedman, Flynn-Wall-Ozawa,
and modified Coats-Redfern models) were used to determine the detailed apparent activation energy
of CNCs.

2. Experimental

2.1. Materials

Corn stalk was collected from Si Yang, Jiang Su Province in China. The obtained sample was
cleaned with deionized water and dried at 103 ± 2 ◦C for 8 h in an oven. Then the sample was ground
into powders and screened to sizes between 40 and 60 mesh for testing. Sulfuric acid (98%) and
other chemicals, i.e., ethanol, benzene, sodium chlorite, acetic acid, and potassium hydroxide, were
purchased from Nanjing Chemical Reagent Co., Ltd. (Nanjing, China) and the Aladdin Industrial
Corporation (Shanghai, China).

2.2. Preparation of CNCs

The extraction of the CNCs from the corn stalk included several steps. First, 10 g of raw material
was treated by Soxhlet extraction for 7 h using an ethanol/benzene (1:2 v/v) mixed solvent. Second,
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the extracted fibers were soaked in an acidic sodium chlorite (NaClO2) solution for 1 h at 75 ◦C to
remove the lignin. The delignification step was repeated two times to obtain white products. Third,
the delignified product was treated with 8 wt % NaOH solution at liquid-solid mass ratio of 20/1 for
2 h at 80 ◦C to extract the cellulose. The extracted cellulose was washed several times with distilled
water until the pH reached neutral. Finally, the pulp was hydrolyzed with 60 wt % sulfuric acid at an
acid-pulp ratio of 20/1 for 1 h at 60 ◦C, with stirring, and diluted using 10-fold deionized water. The
diluted suspension was centrifuged at 4000 rpm for 5 min to obtain the precipitates. The centrifuged
treatment was repeated 2 times to reduce the acid content. The resultant precipitate was washed,
re-centrifuged, and dialyzed against deionized water for two days until a constant neutral pH was
achieved. The resultant precipitate was then sonicated (XO-2500D Ultrasonic Processor, Xian Ou and
Jiang Su) for 4 min at an output power of 1400 Hz in an ice bath to avoid overheating. The suspension
was quickly frozen at −75 ◦C for about 5 h. Then the frozen sample was shifted to a freeze-dryer
(FreeZone plus 2.5L, Labconco Crop., Kansas, MO, USA) at −50 ◦C for 2 days to obtain the freeze-dried
CNCs for further testing.

3. Characterization

3.1. Basic Morphology and Crystalline Structure

The morphologies of raw material, extracted cellulose, and the CNCs were observed using a
scanning electron microscope (SEM) on a JSM-7600F microscope (JEOL, Tokyo, Japan) operated at
15 kV. The dimensions of the CNCs were measured using a transmission electron microscope (TEM,
JEM 1400, JEOL, Peabody, MA, USA) operated at an accelerating voltage of 120 kV. The concentration
of the CNC suspension was diluted to 0.02% (w/v) for TEM analysis. Fiber lengths and diameters
were measured from transmission electron micrographs using Image Pro Plus 6.3 (Media Cybernetics,
Inc., Bethesda, MD, USA). Data were collected and analyzed using Origin 8.

The crystallinity of the raw material, the extracted cellulose, and the CNCs was examined using
X-ray diffraction (XRD, Ultima IV, Tokyo, Japan) with a generator voltage of 40 kV and a current
of 30 mA. The materials were scanned at speed of 5 s per step over a 2θ range from 5◦ to 50◦.
The crystallinity index was calculated using Equation (1) [29]:

C (%) = (I002 − Iam)/I002 × 100 (1)

where C (%) is the relative degree of crystallinity, I002 is the maximum intensity of the 002 lattice
diffraction and Iam is the intensity of diffraction in the same units at 2θ = 18◦.

An FTIR spectrometer (VERTEX80, Bruker, Ettlingen, Germany) was used to reveal the changes
in the chemical structure of the materials after chemical treatment. The materials were ground and
mixed with KBr. The FTIR spectra of the materials were obtained in the range of 4000 to 400 cm−1 with
a resolution of 4 cm−1 at 32 scans.

3.2. Thermal Characterization

TGA was carried out using a thermo-gravimetric analyzer (TG 209F3, Netzsch, Waldkraiburg,
Germany). Heating scans from 35 to 700 ◦C at 5, 10, 20, and 30 ◦C/min in a nitrogen atmosphere at
a flow rate of 30 mL/min were performed for the samples. Approximately 3–5 mg of each sample
was placed in an Al2O3 ceramic pan. Before starting each run, nitrogen was used to purge the furnace
for 30 min to prevent any unwanted oxidative decomposition. DSC measurements were carried out
on a differential scanning calorimeter (DSC) (Q200, TA Instruments, New Castle, UK). Dynamic DSC
scans were conducted in the temperature range from 23 to 400 ◦C at a heating rate of 10 ◦C/min.
The crystallization and melting behaviors were recorded in a nitrogen atmosphere, at a flow rate of
40 mL/min. The enthalpy of degradation was calculated using the software Origin Pro. 8.
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3.3. Activation Energy Modeling

Three different kinetic models including the Friedman, Flynn-Wall-Ozawa (F-W-O), and
Coats-Redfern methods were used to determine the activation energy from the thermogravimetric
data in the present work.

The fundamental equation used in all models is described as follows:

dα/dt = k·f (α) (2)

where k is the rate constant and k·f (α) is the reaction model. The rate of conversion, dα/dt, at a constant
temperature is a function of the reactant concentration loss and rate constant. The conversion α is
defined as:

α = (Wo − Wt)/(Wo − Wf) (3)

where Wo, Wt, and Wf are the initial, time t, and final weights of the sample, respectively. The rate
constant k is defined by the Arrhenius equation:

k = A exp(−E/RT) (4)

where R is the gas constant (8.314 J/K mol), E is the apparent activation energy (kJ/mol), A is
the pre-exponential factor (min−1), and T is the absolute temperature (K). From a combination of
Equations (2) and (4), one obtains:

dα/dt = A exp (−E/RT) f (α) (5)

After introducing the heating rate, β = dT/dt, into Equation (5), Equation (6) is obtained as:

dα/dT = (A/β) exp (−E/RT) f (α) (6)

Equations (5) and (6) are the fundamental models by which to calculate parameters for the TGA.
The differential method Friedman model [30] is based on the following equation:

ln (dα/dt) = ln [Af (α)] − E/RT (7)

The apparent energy of activation, E, based on Equation (7), can be determined from the
relationship between ln (dα/dt) and 1/T. The plot ln (dα/dt) vs. 1/T, obtained from the thermograms
recorded at four heating rates, yields the straight lines, and the slopes allowed the evaluation of the
activation energy.

The Flynn-Wall-Ozawa (F-W-O) model [31] is the integral method:

log β = log (AE/Rg(a)) − 2.315 − 0.4567E/RT (8)

Plotting log β against 1/T at a set conversion rate is used to evaluate the activation energy
(i.e., from the slope of straight line plots).

The Coats-Redfern method [16] is a multi-heating rate application of the Coats-Redfern equation,
as described by:

ln [β/(T2(1 − 2RT/E))] = ln [−AR/(Eln(1 − a))] − E/RT (9)

Plotting the left hand side for each heating rate versus 1/T at that heating rate gives a family of
straight lines with slope of E/R. Thus, a family of parallel straight lines with a slope of E/R can be
obtained, from which the apparent energy of activation E, corresponding to the selected conversion,
can be calculated.
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4. Results and Discussion

4.1. Morphology and Crystalline Structure

The SEM micrographs of the raw material and extracted cellulose and the TEM micrographs of
the CNCs are shown in Figure 1. The surface of the raw material was covered with the intercellular
materials composed of hemicelluloses and lignin, as shown in Figure 1a. Compared with raw material,
the surface of the extracted cellulose (Figure 1b) became rougher and cleaner, indicating the effective
removal of the hemicellulose and the lignin by the chemical treatments [32]. According to the report
of Mohamad, the roughness of the extracted cellulose favors the isolation of the CNCs through
hydrolysis [33]. Figure 1c,d shows that that individual CNCs had a needle-like morphology with an
average diameter of 6.4 ± 3.1 nm and length of 120.2 ± 61.3 nm (L/D = 18.7), which can be considered
a good stress transfer agent from the matrix to the fibers for any significant reinforcement to occur [34].
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Figure 1. SEM micrographs of (a) the raw material and (b) the extracted cellulose; (c,d) transmission
electron microscopy (TEM) micrographs of the cellulose nanocrystals (CNCs) isolated from the
corn stalk.

As shown in Figure 2, three main diffraction peaks of the 110, 110, and 200 crystallographic
planes of the monoclinic cellulose Iβ lattice at 2θ = 14.8◦, 16.3◦, and 22.7◦ appeared, indicating that the
present extracted cellulose was cellulose type I [35]. The degree of crystallinity of the raw material,
the extracted cellulose, and the CNCs was calculated to be 33.20%, 62.7%, and 69.20%, respectively.
Because of the partial removal of the hemicellulose, the lignin, and the amorphous fraction of cellulose
during chemical treatment, the crystallinity degree increased gradually from the raw fibers to the
CNCs. Meanwhile, the rigidity of the CNCs increased with an increase in the number of crystallinity
regions [36]. Therefore, the higher crystallinity of CNCs can help realize a higher tensile strength of
CNC-based composites [37].

The FTIR spectra of raw material and chemically treated samples are shown in Figure 3. The peak
at 1514 cm−1 of the raw material represented the C=C stretching vibration of the lignin [38]. The peak
at 1736 cm−1 in the raw material corresponded to the C=O stretching vibration of the acetyl and
uronic ester groups, from hemicellulose or p-coumaric acids of lignin and/or hemicellulose [39].
The absorbency at 1238 cm−1 is associated with the C–H, O–H, or CH2 bending frequencies [36].
No equivalent peak was displayed in the spectra of the chemically treated sample, which indicated
that most of the hemicelluloses and the lignin from the sample were removed. The bands at 3441,
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2901, and 1060 cm−1 correspond to the stretching vibrations of O–H, C–H, and C–O, respectively, of
the cellulose presented in the sample [40]. The peak at 896 cm−1 reflected the C-H rocking vibration
of cellulose I, presented in the nanofiber and/or microfibers [41]. The peak at 1638 cm−1 was due
to the O-H bending vibrations of hydrogen-bonded hydroxy (OH) groups of cellulose and absorbed
water [42]. The peaks at 1113 and 1163 cm−1 were attributed to the stretching vibrations of C–O and
C–C, respectively [43]. The FTIR spectra showed that the acid hydrolysis treatment had no effect on
the chemical structure of the CNCs isolated from the corn stalk.
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4.2. Thermal Properties

As is well known, many common thermoplastics have typical processing temperatures above
200 ◦C, thus studying the thermal stability of CNCs can help researchers better use them in these
composites [44]. TGA was thus conducted to study the thermal stability of the raw material,
the extracted cellulose, and the CNCs. As shown in Figure 4, the raw fibers presented an obvious
thermal degradation peak between 120 and 220 ◦C, which disappeared in both the extracted cellulose
and the CNCs because of the partial removal of the hemicelluloses, lignin, and extractive compounds
with poor thermal stability, such as amino acids, fructopyranose, and proteins [45]. The CNCs exhibited
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lower thermal stability than the pure cellulose precursor, which was ascribed to the introduction of
unstable sulphate groups and a cellulose chain reduction after sulphuric acid hydrolysis [46]. These
results were consistent with many previous studies on CNCs isolated from other sources, such as
kenaf bast fibers [47], sweet potato residue [48], and coconut husk [49]. Table 1 shows the characteristic
temperatures of the thermal decomposition of the raw material, the extracted cellulose, and the CNCs
at heating rates of 5, 10, 20, and 30 ◦C/min. The parameter To presents the onset decomposition
temperature, which was obtained by extrapolating the slope of the DTG curve in correspondence with
the first local maximum in the D2TG curve and down to the zero level of the DTG axis [16]. Ts is the
shift temperature, which is defined by extrapolating the slope of the DTG curve corresponding to the
local minimum in the DTG curve in this region and down to zero level of DTG axis. Typically, at a
heating rate of 5 ◦C/min, the To values of the raw material, the extracted cellulose, and the CNCs were
169.24, 305.55, and 241.38 ◦C, respectively. The parameter Tp presents the maximum decomposition
rate. Due to the removal of inorganic components existing on the surface layer, the weight loss of the
CNCs at the shift temperature, Ts, was about 20%, which was lower than in other materials. The weight
loss differences and temperatures between the offset and shift points, Ws-Wo and Ts-To, showed that
most of the thermal decomposition (around 55%) occurred in the largest temperature range of 128◦C
(228 to 356 ◦C) of the three materials.
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Table 1. Characteristic temperatures of the decomposition reactions of (i) the raw material; (ii) the
extracted cellulose; and (iii) the CNCs.

Heating Rate
(◦C/min) Sample To

(◦C)
Wo
(%)

Tp
(◦C)

Wp
(%)

Ts
(◦C)

Ws
(%)

Residue
(%)

(Ws-Wo)
(%)

(Ts-To)
(◦C)

i 169.24 7.58 326.20 51.71 339.19 59.04 19.53 51.46 169.95
5 ii 305.55 37.98 321.31 52.38 332.56 63.20 22.14 25.22 27.01

iii 241.38 10.09 258.92 20.86 279.10 30.43 16.12 20.34 37.72
i 175.91 5.00 332.20 45.34 353.45 54.45 30.98 49.45 177.54

10 ii 314.24 37.13 330.57 53.17 341.25 64.21 21.41 27.08 27.01
iii 248.47 9.17 269.16 24.30 286.79 34.36 20.67 25.19 38.32
i 177.00 5.77 344.84 51.13 365.71 63.40 17.90 57.63 188.71

20 ii 320.42 32.43 340.19 50.80 350.55 62.40 22.55 29.79 30.13
iii 239.63 5.07 259.49 17.18 280.24 30.95 21.96 25.88 40.61
i 177.03 7.61 345.49 47.75 368.65 65.54 23.16 57.93 191.62

30 ii 317.94 41.34 340.27 44.01 368.52 68.43 21.88 27.09 50.58
iii 230.15 5.56 259.79 19.00 291.06 36.21 21.39 30.65 60.91

T = Temperature; o = onset; p = DTG peak; s = shift; W = weight loss.
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The DSC curves for the raw material, the extracted cellulose, and the CNCs at heating rate of
10 ◦C/min are shown in Figure 5. The raw material curve revealed that the decomposition of extractive
compounds with poor thermal stability, such as amino acids, fructopyranose, and protein in corn stalk,
were around 165.7–205.3 ◦C. After delignification and alkali-treatment, the degradation temperature
of purified cellulose was increased to 348.45 ◦C. Compared with the extracted cellulose, the onset
temperature of the CNCs decreased by approximately 80.00 ◦C. This was ascribed to the sulphate
groups replacing the OH groups on the CNC surface, increasing the rate of CNC dehydration reactions,
which was confirmed by other TGA work [21]. The degradation enthalpy of the CNCs was 114 J/g,
which was higher than that of the extracted cellulose (49.6 J/g) and the raw materials (23.0 J/g).
The reason was that the chemical treatments, i.e., delignification and the alkaline and acid treatments,
helped to increase the degree of crystallinity and inner hydrogen bonding of the CNCs, resulting in a
more stable structure, as reflected by the increase on the value of degradation enthalpy from the DSC
work. To help a better understanding of the thermal behavior of CNCs, the decomposition activation
energy was quantified as follows.
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4.3. Apparent Activation Energy

To obtain the energy activation of the CNCs in the decomposition process, the conversion rate
(a) was evaluated by the Friedman, Flynn-Wall-Ozawa (F-W-O), and Coats-Redfern methods described
in the thermogravimetric analysis.

Figure 6 shows the general trend of activation energy of cellulose and CNCs determined by the
Friedman (Figure 6a,b), Flynn-Wall-Ozawa (F-W-O) (Figure 6c,d), and Coats-Redfern (Figure 6e,f)
methods at conversion rates from 0.1 to 0.8. When applying these three models to describe the cellulose
and CNC decomposition, the straight lines in these three groups of plots were nearly parallel, implying
that the process exhibited a single mass loss step throughout the whole process.

The data of activation energy (E) at each extent of conversion calculated through the Friedman,
Flynn-Wall-Ozawa (F-W-O), and Coats-Redfern methods for the cellulose and CNCs are listed in
Tables 2 and 3, respectively. For the Friedman method, the conversion of the cellulose at a rate of 0.1
was obtained at temperatures of 276.63, 285.51, 298.28, and 301.56 ◦C, while the values of ln (dα/dt)
were −6.21, −5.58, −4.99, and −4.64, respectively. From the slope of the ln (dα/dt) against 1/T plot
at the conversion rate of 0.1, the activation energy was calculated as 154.3 (±0.1) kJ/mol, as listed
in Table 2. Compared with cellulose, the conversion of the CNCs at the conversion rate of 0.1 was
obtained at lower temperatures of 240.76, 245.65, 250.05, and 256.97 ◦C, and the values of ln (dα/dt)
were −6.03, −5.37, −4.7, and −4.17, respectively. The activation energy (a = 0.1) for the CNCs was
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calculated as 242.6 (±0.2) kJ/mol, as listed in Table 3. When the conversion rate increased from 0.1 to
0.3, the activation energy of the cellulose decreased by 11.4 kJ/mol, while that of the CNCs (a = 0.3)
increased by 59.6 kJ/mol.
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Meanwhile, the activation energy, which was obtained using the F-W-O and Coats-Redfern
methods in the conversion rate range from 0.1 to 0.3, had the same trend at the beginning as shown
in Figure 7a–c. This slight increase of activation energies before a = 0.3 implied that the possible
occurrence of an accelerated decomposition process of the main composition, which approached
balance in the initial stage [16]. In the conversion range from 0.3 to 0.6, the activation energy was
stable both for the CNCs and the cellulose. For the cellulose, the activation energy still remained at
approximately constant values, while, for the CNCs, the activation energy increased by 76.2, 48.7, and
50.1 kJ/mol calculated by the Friedman, F-W-O, and Coats-Redfern methods, respectively. As listed
in Table 2, the activation energy range of the cellulose calculated by the Friedman method was
around 142.5–169.9 (±0.2) kJ/mol. Similar results were obtained from the F-W-O and Coats-Redfern
methods, from which the conversion range of the cellulose was approximately 154.4–169.1 (±0.2) and
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152.0–167.3 (±0.2) kJ/mol, respectively. The activation energy values were lower than those previously
reported for corn stalk cellulose decomposition, e.g., 186.9 to 203.6 kJ/mol [20]. In comparison
with the cellulose, the activation energy range of the CNCs, evaluated by Friedman, F-W-O and
Coats-Redfern methods, had higher values around 242.6–387.9 (±0.3), 239.0–353.5 (±0.2), and
242.7–360.9 (±0.2) kJ/mol, respectively, as listed in Table 3. This was ascribed to the hydrogen
bonds present in the crystalline domains of the CNCs being stronger than those of cellulose, which
resulted in a higher activation energy of the CNCs in comparison with the cellulose [50]. The average
apparent activation energy of the CNCs was calculated as 302.8–312.6 (±0.2) kJ·mol−1 in the conversion
range from 0.1 to 0.8, which was higher than that of the CNCs from kraft pulp (152.58–269.85 kJ/mol)
and cellophane (57.43–260.12 kJ/mol), but lower than that of the CNCs from purified mango seeds
(186.47–778.84 kJ/mol) [12].Materials 2017, 10, 80  10 of 13 
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0.1 154.3 (±0.2) 0.9834 167.7 (±0.2) 0.9829 167.0 (±0.2) 0.9810
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0.3 142.9 (±0.2) 0.9915 154.4 (±0.2) 0.9947 152.3 (±0.1) 0.9939
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Table 3. Activation energy of the CNCs, calculated by the three methods in the range of a = 0.1 to 0.8.

Conversion
Rate

Friedman F-W-O Coats-Redfern

E (KJ/mol) a R2 E (KJ/mol) a R2 E (KJ/mol) a R2

0.1 242.6 (±0.2) 0.9959 239.0 (±0.2) 0.9955 242.7 (±0.2) 0.9952
0.2 289.9 (±0.1) 0.9972 285.2 (±0.2) 0.9971 291.2 (±0.2) 0.9968
0.3 302.2 (±0.3) 0.9999 299.4 (±0.2) 0.9996 305.9 (±0.2) 0.9995
0.4 304.9 (±0.3) 0.9984 302.3 (±0.1) 0.9974 308.9 (±0.1) 0.9972
0.5 305.3 (±0.3) 0.9976 295.0 (±0.2) 0.9984 300.8 (±0.2) 0.9982
0.6 311.7 (±0.3) 0.9836 304.8 (±0.1) 0.9721 310.8 (±0.1) 0.9704
0.7 356.1 (±0.3) 0.9899 343.0 (±0.1) 0.9721 350.5 (±0.2) 0.9769
0.8 387.9 (±0.3) 0.9933 353.5 (±0.1) 0.9782 360.9 (±0.1) 0.9973

Mean 312.6 (±0.3) 0.9945 302.8 (±0.2) 0.9888 309.0 (±0.2) 0.9914

E: Apparent energy of activation; a: Values from CNCs with standard deviation.
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Both the DSC and TGA results proved that the degradation enthalpy and activation energy of the
CNCs had higher values in comparison with those of the extracted cellulose. The findings from this
study can help researchers to better understand the thermal decomposition stability of CNCs isolated
from the corn stalk. From another perspective, the range of activation energy obtained can provide a
theoretical basis to further thermal kinetics analysis of the CNC-based polymer composites.

5. Conclusions

In this work, CNCs were isolated from corn stalk with a combination of chemical and mechanical
treatments. The morphology, chemical structure, and thermal properties of the CNCs were
characterized. The isolated CNCs were approximately 6.37 nm in width and 120.67 in length with an
aspect ratio of 18.94. XRD results showed that the degree of crystallinity increased from 33.20% of raw
corn stalk fiber to 62.7% crystallinity in extracted cellulose, where CNCs had a crystallinity of 69.33%
in a cellulose Iβ structure. The FTIR results confirmed the successful removal of the hemicelluloses and
the lignin after the alkali and sulfuric acid treatments. The degradation temperature of the CNCs was
approximately 239.50 ◦C. The average activation energy of the CNCs, calculated from the Friedman,
F-W-O, and Coats-Redfern methods, was 312.6, 302.8 and 309 kJ·mol−1, respectively, in the conversion
range from 0.1 to 0.8. The isolated CNCs had higher values of activation energy than did the purified
cellulose, which was attributed to the hydrogen bonds present in the crystalline domains of CNCs
being stronger than those of cellulose. These findings can help researchers to better understand the
thermal stability properties of polymer/CNC composites.
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